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Abstract—The L-band passive and active microwave geophys-
ical model functions (GMFs) of ocean surface winds from the
Aquarius data are derived. The matchups of Aquarius data with
the Special Sensor Microwave Imager (SSM/I) and National Cen-
ters for Environmental Prediction (NCEP) winds were performed
and were binned as a function of wind speed and direction. The
radar HH GMF is in good agreement with the PALSAR GMF. For
wind speeds above 10 m · s−1, the L-band ocean backscatter shows
positive upwind–crosswind (UC) asymmetry; however, the UC
asymmetry becomes negative between about 3 and 8 m · s−1. The
negative UC (NUC) asymmetry has not been observed in higher
frequency (above C-band) GMFs for ASCAT or QuikSCAT. Unex-
pectedly, the NUC symmetry also appears in the L-band radiome-
ter data. We find direction dependence in the Aquarius TBV, TBH,
and third Stokes data with peak-to-peak modulations increasing
from about a few tenths to 2 K in the range of 10–25-m · s−1 wind
speed. The validity of the GMFs is tested through application to
wind and salinity retrieval from Aquarius data using the combined
active–passive algorithm. Error assessment using the triple collo-
cation analyses of SSM/I, NCEP, and Aquarius winds indicates
that the retrieved Aquarius wind speed accuracy is excellent,
with a random error of about 0.75 m · s−1. The wind direction
retrievals also appear reasonable and accurate above 10 m · s−1.
The results of the error analysis indicate that the uncertainty of
the GMFs for the wind speed correction of vertically polarized
brightness temperatures is about 0.14 K for wind speed up to
10 m · s−1.

Index Terms—Microwave remote sensing, ocean wind, radar,
radiometer.

I. INTRODUCTION

L -BAND microwave remote sensing will play an increas-
ingly important role for the global observation of ocean

surfaces. Several L-band microwave radiometer and radar mis-
sions have been or will be operating in space for land and ocean
observations. These include the European Soil Moisture and
Ocean Salinity (SMOS) mission [1], the Aquarius/SAC-D mis-
sion [2], the Soil Moisture Active–Passive (SMAP) mission [3],
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and the Japanese Phased Array type L-band Synthetic Aperture
Radar (PALSAR) and its follow-on [4]. The Aquarius and
SMAP missions both utilize combined passive/active L-band
instruments. Aquarius’ passive/active L-band microwave sen-
sor has been designed to map the ocean surface salinity field
from space [2]. SMAP’s primary objectives are to retrieve soil
moisture and detect freeze/thaw, but it will operate continuously
over the ocean, and hence, it will have significant potential for
ocean surface research.

The measurement principle for salinity remote sensing is
based on the response of the L-band (1.413 GHz) sea surface
brightness temperatures (TB) to sea surface salinity (SSS)
[5]. To achieve the required 0.2 practical salinity unit (psu)
accuracy, the impact of sea surface roughness (e.g., wind-
generated ripples, foam, and swell) on the observed brightness
temperature has to be accurately corrected, ideally to better
than one tenth of a degree kelvin. The influence of wind speed
on L-band TB has been shown by many field studies to be
about 0.2–0.3 K/m · s−1 change in wind speed [6]–[11]. Recent
analyses of the SMOS data have led to significant improvement
in the parameterization of wind speed effects on ocean surface
emissivity [12], [13].

However, the relatively large noise equivalent delta T
(NEDT) in the SMOS data has not yet allowed an assessment
of the wind direction impact on the sea surface brightness
temperatures. Recent aircraft campaign data [11] showed that
the ocean surface wind direction will modulate the L-band
microwave brightness temperatures by 0.5 K or more for wind
speed greater than 10 m · s−1. The wind direction effects will
introduce significant errors for salinity retrieval if uncorrected.
For example, a directional variation of 0.7 K will result in
a salinity retrieval error of about 1 psu for warm waters at
25 ◦C. Here, we have used the Aquarius data to improve the
characterization of wind direction effects on vertically and
horizontally polarized brightness temperatures TBV and TBH

for 0–20-m · s−1 wind speeds.
Another element of interest is the third Stokes parameter (U)

of the passive microwave emission from ocean surfaces. Many
aircraft polarimetric radiometers and the WindSat radiometers
operating at frequencies above 10 GHz have shown as large
as a few kelvin wind direction modulation in the third Stokes
parameter data [14]–[17], which have been exploited for wind
direction retrieval from the WindSat data [18]. In addition,
the third Stokes parameter at L-band, sensitive to polarization
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rotation, can be used to retrieve the Faraday rotation angle [19],
under the assumption that U emission at the sea surface is
zero for all sea states. However, to the best of our knowledge,
there have been no clear experimental indications regarding the
amplitude of U at L-band frequencies. Therefore, in this paper,
we also analyze the Aquarius U data to assess their wind speed
and direction dependence.

Ocean wind direction effects have been observed in L-band
PALSAR HH data and PALS aircraft campaign data for high
winds (> 10 m · s−1)[11]. Although the direction signal in the
L-band radar backscatter is small for low to mid-range of wind
speeds (< 8 m · s−1), there are directional variations of a few
decibels for 15–25-m · s−1 wind speeds. We used the Aquarius
data to generate the geophysical model function (GMF) model
for VV in addition to the improvement for HH polarization.

In Section II, we examine the characteristics of Aquarius
matchup data with winds from the Special Sensor Microwave
Imager (SSM/I) and the National Centers for Environmental
Prediction (NCEP) product. Section III describes the GMFs
of various polarization channels for radiometer and radar.
Section IV describes the testing and error analyses of the GMFs
through applications of the GMFs to wind and salinity retrieval
from Aquarius data. Section V provides a summary of the
results.

II. MATCHUP OF AQUARIUS DATA WITH

OCEAN WIND VECTOR

The Aquarius radiometer and scatterometer have been fully
operating since August 25, 2011. Other than interruptions
caused by a few spacecraft maneuvers, the data acquisition has
been continuous. The Aquarius instrument has three antenna
beams, operating at about 29◦, 38◦, and 46◦ incidence angles
[20]. Each antenna beam has one radiometer (1.413 GHz),
which measures the first three Stokes parameters of microwave
radiation. The antenna feeds are shared with the scatterometer
(1.26 GHz), which acquires the normalized radar cross sections
(σ0) for co- and cross-polarizations.

To assess the response of L-band brightness temperatures
and radar σ0 to ocean surface winds, we analyzed the matchup
data set of the Aquarius data with SSM/I F17 wind speed and
rain rate [21] and wind vectors from NCEP [22]. The SSM/I
F17 and Aquarius data acquired within 1 h from each other
are collocated. The SSM/I F17 retrievals are reported on 0.25◦

latitude and longitude grids. Because the Aquarius footprint
size is about 100 km, we average all the SSM/I data grids within
25 km of the center of the Aquarius footprint. The matchup data
set covers the time period from August 24, 2011, to April 9,
2012. We have also derived the GMFs using about three months
or one year of data. The results are essentially the same at wind
speeds below 15 m/s. More data mostly only reduce the scatter
at high wind speeds.

The matchup of NCEP winds and Aquarius data has been
routinely performed by the Aquarius Data Processing System
(ADPS). The NCEP winds are reported every 6 h on 1◦ grid
resolutions and are linearly interpolated in time and bilinearly
interpolated in space to match up with the Aquarius observa-
tions. In addition to the NCEP winds, ADPS has been matching

up the Reynolds sea surface temperature (SST) [23] and the
HYbrid Coordinate Ocean Model (HYCOM) SSS [24], which,
along with the NCEP wind matchups, are available in the
Aquarius L2 files.

To minimize the effects of rain, we excluded any matchups
with nonzero SSM/I rain rate from the data analysis. The rain-
free matchups were grouped into bins with step size of 1 m · s−1

in wind speed and 10◦ in wind direction. The Aquarius data in
each bin were averaged to represent the expected microwave
response at the given wind speed and direction.

The matchup and binning approach indicated previously has
been used to develop the GMF for spaceborne scatterometer
missions, such as QuikSCAT [25] and ASCAT [26]. One
critical factor is the choice of the ancillary wind product for
matchup. For example, NCEP winds were used for the devel-
opment of the QuikSCAT GMF, while the European Center
for Medium-Range Forecast (ECMWF) was used for ASCAT.
There are systematic differences between these types of winds.
Our analysis has been performed using two combinations of
matchups to test the sensitivity and consistency: 1) SSM/I wind
speed and NCEP wind direction and 2) NCEP wind speed
and direction. Note that NCEP wind is a meteorological wind,
while SSM/I’s wind is a microwave remote sensing wind,
which is expected to be a better representation of ocean surface
roughness than NCEP.

Fig. 1 illustrates the VV and HH radar backscatter versus the
relative wind direction for 5-, 8-, 10-, 12-, 15-, and 20-m · s−1

SSM/I wind speeds. Each wind speed panel has three rows
for the three antenna beams. There is a clear wind direction
dependence in the radar σ0s for both polarizations at all wind
speeds. The peak-to-peak variations are about 4 dB peak-to-
peak at 20 m · s−1, which agree very well with the aircraft
observations [11]. However, the directional signals at 5-m · s−1

wind speed with a peak-to-peak amplitude of 0.7 dB have
a negative upwind–crosswind (NUC) asymmetry with σ0s at
crosswind (90◦ and 270◦) larger than that at upwind (0◦) or
downwind (180◦), while the UC asymmetry is positive at above
10-m · s−1 wind speeds. This feature was seen in the PALSAR
HH data but now also confirmed for the VV polarization. A
close inspection of the data from 5 to 10 m · s−1 indicates that
the upwind and downwind σ0s grow with wind speed, while the
crosswind σ0s appears to decrease. The beam 2 and beam 3 VV
data at 8-m · s−1 wind speed, in fact, feature four peaks with
two small peaks at upwind and downwind in addition to the
two small peaks at the crosswind directions. This is also barely
visible on beam 3 at 5 m · s−1.

The Bragg scattering mechanism used in two-scale sea
surface scattering models [27], [28] is known to produce a
positive UC asymmetry—different from the observed L-band
radar signals near 5 m · s−1. The NUC asymmetry (NUC)
present in the L-band radar data at around 5-m · s−1 wind
speed is likely the result of a scattering mechanism that is
different from Bragg and unknown at this time. If there is
indeed a different scattering mechanism, the Aquarius data
indicate that this NUC scattering mechanism dominates at
low winds, while Bragg scattering dominates at high winds.
When the wind speed increases from 5 to 10 m · s−1, the
contribution of the NUC scattering mechanism appears to
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Fig. 1. Aquarius radar backscatter versus NCEP wind direction for six SSM/I wind speeds. In each wind speed panel, the upper row is for beam 1, the middle
row is for beam 2, and the bottom row is for beam 3. Black and red dots are the binned matchup averages; vertical bars indicate ±1 SD. Black and red curves are
the three-term cosine series fit for VV and HH, respectively. (a) 5 m/s. (b) 8 m/s. (c) 10 m/s. (d) 12 m/s. (e) 15 m/s. (f) 20 m/s.

decrease, while the Bragg scattering contribution appears to
increase.

For the analysis of Aquarius radiometer data, we have con-
sidered the effects of Faraday rotation, particularly for the third
Stokes parameter. The Aquarius radiometers make partially
polarimetric measurements to obtain the first three Stokes pa-
rameters, namely, I , Q, and U [29]. I and Q correspond to
the sum and difference of the vertically polarized brightness
temperature (TBV) and horizontally polarized brightness tem-
perature (TBH). TBV and TBH are measures of the power of

the vertically polarized electrical field (EV ) and horizontally
polarized electric field (EH), while the third and fourth Stokes
parameters (U and V ) signify the real and imaginary parts of
the correlation between EV and EH
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The angular brackets denote the ensemble average of the en-
closed quantities. Aquarius does not measure the fourth Stokes
parameter V .

It is straightforward to show that the first three Stokes
parameters from the surface and the ones from the top of
the ionosphere, denoted with the subscript “a,” are related to
the Faraday rotation angle (Ω) by the following equations for
Aquarius:

I = Ia (2)
Q =Qa cos(2Ω)− Ua sin(2Ω) (3)
U =Qa sin(2Ω) + Ua cos(2Ω). (4)

Equations (3) and (4) are essentially the same as in [19, eqs. (9)
and (10)].

Aquarius operates in a sun-synchronous orbit with ascending
equator crossing at 6 P.M. The Faraday rotation angle for this
dawn/dusk orbit is, in general, quite small, mostly less than
5◦, and its impact on TBV and TBH is a few tenths of a kelvin
or less. In the standard ADPS processing, the Faraday rotation
angle is computed from Qa and Ua under the assumption that
the third Stokes parameter (U ) of ocean surface emission is
zero [19]. In the Aquarius Level-2 (L2) data files, TBV and TBH

are the brightness temperatures at the surface with the Faraday
rotation corrected under the assumption of zero for U .

Because we are examining the amplitude of U versus wind
speed and direction, we do not apply the assumption U = 0
and associated standard ADPS corrections to TBV and TBH

in this data analysis. Instead, we use the global International
GNSS Service (IGS) Total Electron Content (TEC) product
in IONosphere map EXchange (IONEX) format [30] and the
International Geomagnetic Reference Field [31] to make an
independent estimate of the Faraday rotation angle for each
Aquarius observation. Because the IGS-IONEX TEC products
are derived from data acquired using GPS satellites operating
at a higher altitude than Aquarius’, only about 75% of TEC
occurs under the Aquarius altitude; this reduced value is used
for the estimate of Ω. After the Stokes parameters of the surface
emission are computed using (2)–(4) with the rotation angle
estimated from IGS-IONEX TEC, the brightness temperatures
of vertical and horizontal polarizations can be obtained by

TBV =(I +Q)/2 (5)
TBH =(I −Q)/2. (6)

Unlike the radar data, we bin the excess surface emissivity
(Δe) by wind speed and direction, rather than the excess
surface TB :

Δep =
TBp − TBpflat(SST,SSS, θ)

SST
. (7)

TBpflat is the brightness temperature for flat water surfaces
computed using the water dielectric constant model [32] for a
given Reynolds SST and HYCOM SSS [24]. The subscript “p”
stands for the polarization.

The directional features in excess surface emissivity are
depicted for several wind speeds in Fig. 2. The peak-to-peak
Δe is about 0.0005 at 5-m · s−1 wind speed and rises to about
0.003 at 15 m · s−1. Note that the excess surface emissivity

of 0.003 corresponds to about 1 K in brightness temperature.
The directional features above 10 m · s−1 are very similar
to those above X-band frequencies [14]–[17]: The horizontal
polarization has smaller emissivity at upwind and downwind di-
rections than crosswind, while the vertical polarization exhibits
opposite phase signatures. However, like the radar signatures,
the phase signature of the horizontally polarized Δe at 5 m · s−1

is opposite to that at above 10-m · s−1 wind speeds. It appears
that the NUC scattering mechanism, which drives the UC
phase change of active microwave backscatter, is also playing
an important role in determining the directional signatures of
passive microwave emission.

The directional signals in the third Stokes parameter of sea
surface emissions are illustrated in Fig. 3. Because Faraday
rotation has a much larger impact on U than TBV and TBH,
the error in the estimates of Faraday rotation angle using the
IGS-IONEX TEC will result in a relatively larger residual
uncertainty in the corrected third Stokes. At 5-m · s−1 wind
speed, it seems that there could be a sinusoidal directional
dependence in the data for beams 1 and 2, but the amplitude
is extremely small, only about 0.0004 peak-to-peak for ex-
cess surface emissivity (or 0.1–0.2 K). There is no consistent
wind direction dependence at 8 m · s−1, which approximately
corresponds to the transition speed of two different opposite
UC phase signals observed in the copolarized backscatter data
and TB (Figs. 1 and 2). If we assume that the peak-to-peak
variations at 8 m · s−1 are caused entirely by the error of
the IGS-IONEX/TEC-derived Faraday rotation correction and
matchup process for the third Stokes, then the worst-case error
in the corrected U data will be about 0.1 K for beam 1 and as
large as 0.5 K for beam 3.

The directional signals in U appear to be robust at 12-, 15-,
and 20-m · s−1 wind speeds with peak-to-peak Δe of about
0.002–0.007, corresponding to about 0.6–2 K. The apparent
directional modulation is near zero at upwind, crosswind, and
downwind directions and peaks at about 45◦ away from upwind
or downwind. This directional dependence at L-band is strik-
ingly similar to that of the higher frequency observations made
by aircraft and spaceborne WindSat radiometers [14]–[18].

III. L-BAND GMF

The matchup data using either SSM/I or NCEP wind for
binning have been used to develop GMFs for Aquarius, which
relate the microwave backscatter or excess surface emissivity
to the wind speed (w) and direction (φ), which is the wind
direction relative to the radar look angle. We use the following
cosine series for the modeling of radar data:

σVV(w, φ) =A0VV(w) [1 +A1VV(w) cosφ

+A2VV(w) cos 2φ] (8)

σHH(w, φ) =A0HH(w) [1 +A1HH(w) cosφ

+A2HH(w) cos 2φ] . (9)

Here, σVV and σHH are the normalized radar backscatter cross
section for V-transmit/V-receive and H-transmit/H-receive,
respectively, and the A coefficients are estimated independently
for each of Aquarius’ antenna beams (incidence angles).
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Fig. 2. Aquarius excess surface emissivity versus NCEP wind direction for six SSM/I wind speeds. In each wind speed panel, the upper row is for beam 1, the
middle row is for beam 2, and the bottom row is for beam 3. Black and red dots are the binned matchup averages; vertical bars indicate ±1 SD. Black and red
curves are the three-term cosine series fit for TBV and TBH, respectively. (a) 5 m/s. (b) 8 m/s. (c) 10 m/s. (d) 12 m/s. (e) 15 m/s. (f) 20 m/s.

The modeling (A0) coefficients for VV and HH are illus-
trated as a function of the SSM/I or NCEP wind speed in the up-
per row of Fig. 4. The HH A0 agrees very well with PALSAR’s
GMF for all antenna beams for up to 15-m · s−1 wind speeds.
Above that, Aquarius’ GMF should be more accurate because
the PALSAR GMF was constructed with fewer matchups with
the ASCAT winds above 15 m/s. The results from the SSM/I
and NCEP matchups are very similar. Note that the natural
values of A0 are shown, not the decibel values. In general, A0

increases with wind speed but seems to have a relatively smaller
increase in the range of 4–8 m · s−1. In particular, A0 for beam

3 VV has almost no response to wind speed in this range of
wind speeds but seems to exhibit an increasing trend above
10 m · s−1.

The A1 coefficients in the middle row of Fig. 4 increase with
wind speed. The black and red solid curves in the panels are the
piecewise linear interpolation of the data points. The agreement
with the PALSAR A1 is very good, although the Aquarius data
do indicate deviations from the linear increase. It is noted that
A1 for VV is smaller by about a factor of two than that for
HH. Comparing the A1 between antenna beams (middle-row
left to middle-row right panels) suggests an increase in A1
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Fig. 3. Aquarius excess surface emissivity for the third Stokes (U) versus NCEP wind direction for six SSM/I wind speeds. In each wind speed panel, the upper
row is for beam 1, the middle row is for beam 2, and the bottom row is for beam 3. Dots are data, vertical bars indicate ±1 SD, and black curves are the sinusoidal
fits. (a) 5 m/s. (b) 8 m/s. (c) 10 m/s. (d) 12 m/s. (e) 15 m/s. (f) 20 m/s.

versus incidence angle. The characteristics of polarization and
incidence angle dependence are consistent with those at C- and
Ku-band frequencies.

The characteristics of A2 are illustrated in the bottom row
of Fig. 4. There is not much difference between VV and HH,
suggesting that the UC differences are essentially driven by
the same scattering mechanisms for both polarizations. As
we have discussed earlier, the A2 coefficients have a phase
transition from negative to positive at about 8-m · s−1 wind
speed. Overall, Aquarius’ A2 for HH agrees reasonably well
with PALSAR’s, particularly for beam 2, while the difference
from PALSAR is larger for beam 3, although the shapes of
the curves for A2 versus wind speed are similar for beams 2
and 3. The difference for wind speeds lower than 5 m · s−1 is
likely caused by the use of different wind product for matchup:

PALSAR analysis used the ASCAT wind for matchup [4], while
our Aquarius analysis used SSM/I or NCEP. The Aquarius data
acquired at very low wind speeds suggest that there is a positive
to negative transition at about 3 m · s−1. The NUC scattering
mechanism causing the negative A2 between 3 and 8 m · s−1 is
unknown at this time.

The decrease of the directional harmonics (A1 and A2) for
very high winds was suggested by higher frequency microwave
measurements and PALSAR’s A2 coefficients (blue curves at
the bottom panel of Fig. 4), which all suggested that the ocean
surfaces and waves will become less and less directional above
a certain threshold wind speed, which is about 20 m · s−1.
It is likely that breaking waves and sea foam are the key
sources of reduction in directionality. Their scattering signa-
tures are expected to be more isotropic than wind-generated
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Fig. 4. Aquarius radar modeling coefficients (An) versus wind speed. The left column is for beam 1, the middle column is for beam 2, and the right column is
for beam 3. Black circles and red squares are for the VV and HH matchups with the SSM/I wind speed, respectively. Green diamonds and orange triangles are for
the matchups with the NCEP wind speed. The solid black and red curves are the piecewise linear interpolations of the matchups with the SSM/I wind speed. The
blue curves correspond to the PALSAR HH GMF.

waves. Therefore, as their spatial coverage increases with wind
speed, the total backscatter from sea surfaces will become less
directional.

For the radiometer model function, we use the following
expressions to characterize the dependence of excess surface
emissivity on wind speed and direction:

ΔeV (w, φ) = eV 0(w) + eV 1(w) cosφ+ eV 2(w) cos 2φ (10)

ΔeH(w, φ) = eH0(w) + eH1(w) cosφ+ eH2(w) cos 2φ (11)

u(w, φ) =u1(w) sinφ+ u2(w) sin 2φ. (12)

The third Stokes parameter for the L-band frequency is mod-
eled by the sine function of the wind direction, like the higher
frequency observations [14]–[17]. The e and u coefficients are
estimated for each beam independently.

The isotropic components (eV 0 and eH0) of the excess
surface emissivity are illustrated at the top row of Fig. 5. As
shown, the horizontal polarization is slightly more sensitive to
the wind speed than the vertical polarization for beam 1 and
about a factor of two more sensitive for beam 3. There is a
monotonic increase in these components with incidence angle.
However, similar to the behavior of scatterometer A0VV, the
slope of eV 0 and eH0 appears to level off slightly between 5

and 10 m · s−1. Above 10 m · s−1, the increase is approximately
linear with wind speed.

Fig. 5 includes results for both sets of matchups using either
SSM/I wind speed or NCEP wind speed for binning. The
differences between these two sets of matchups are mostly
small. The only difference worthy of discussion is the eH0 for
horizontal polarization at very low wind speeds (< 3 m · s−1).
The eH0 for the SSM/I matchup approaches very close to zero
when the wind speed reduces to zero. However, eH0 for the
NCEP matchup seems to have a fairly large residual value,
about 0.002–0.003, at 0 m · s−1. This is probably an indication
of a smaller random error in the SSM/I wind speed than in
the NCEP or a better representation of the SSM/I wind for the
surface roughness for light winds. For the 0-m · s−1 bin, the
wind speed is in the range of 0–0.5 m · s−1. For a given NCEP
wind speed in the 0-m · s−1 bin, the true wind speed may be
much larger, or there could be the presence of swell, which
prevents the surface from being completely smooth even at
zero wind speed, leading to a smearing of the eH0 values
in the lowest few wind speed bins. In contrast, the SSM/I
wind speed for light winds is essentially a reflection of surface
roughness; thus, the Aquarius excess surface emissivity will
have a better correlation with SSM/I’s wind speed (or roughness
measure).
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Fig. 5. Aquarius modeling coefficients (en and un) for excess surface emissivity versus wind speed. The left column is for beam 1, the middle column is for
beam 2, and the right column is for beam 3. Black circles and red squares are for the V and H matchups with the SSM/I wind speed, respectively. Green diamonds
and orange triangles are for the matchups with the NCEP wind speed. The solid black and red curves are the piecewise linear interpolations of the matchups with
the SSM/I wind speed. Blue curves and diamonds represent the model and data for u1 and u2.

Fig. 6. Wind speed retrievals from the CAP algorithm are compared with the SSM/I wind speed. The scatter and statistics are illustrated for the first 28 days
of data, but the results are essentially the same for other periods. The upper row illustrates the scatter with respect to the SSM/I wind speeds for (left) beam 1,
(middle) beam 2, and (right) beam 3. The bottom row shows the bias and SD of the differences from the SSM/I wind speeds. The bar plots in the background are
the wind speed histograms.

The amplitude of the first harmonic coefficients (eV 1, eH1,
and u1), characterizing the upwind–downwind asymmetry of
the excess surface emissivity, increases with increasing wind

speed (the middle row of Fig. 5). The NCEP matchups produce
very similar results. The relative polarization behavior is con-
sistent with the characteristics of high-frequency observations
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at X-, K-, and Ka-band [14]–[16]: There is larger first har-
monic amplitude for vertical polarization than for horizontal
polarization.

The second harmonic coefficients (eV 2, eH2, and u2) are
generally quite small for wind speeds less than 10 m · s−1

(bottom row of Fig. 5). Above 10 m · s−1, eV 2 appears to
increase linearly until the wind speed reaches 20 m · s−1, while
eH2 appears to vary in opposite phase to eV 2. The amplitudes
are about the same for V and H polarizations for beam 1, which
operates at about 29◦ incidence angle, while the polarization
asymmetry becomes more apparent for beam 3, operating at an
incidence angle of about 46◦. It appears that the phase transi-
tions of eV 2, eH2, and u2 at about 3 and 8 m · s−1 corroborate
that of the scatterometer A2 at the same wind speeds. The
consistent signatures of phase transition of the UC asymmetry
in both the passive and active microwave support the existence
of the NUC scattering mechanism for sea surfaces at L-band.

Given the GMF for excess surface emissivity, the following
are the complete descriptions of the radiometer model function,
which relates the brightness temperatures to SSS, SST, and
wind speed and direction

TBV(SSS,SST, w, φ) =TBVflat(SSS,SST)

+ SST ·ΔeV (w, φ) (13)

TBH(SSS,SST, w, φ) =TBHflat(SSS,SST)

+ SST ·ΔeH(w, φ) (14)

U(SST, w, φ) = SST · u(w, φ). (15)

The aforementioned model functions are evaluated for each
Aquarius antenna beam or incidence angle. The current form of
GMFs includes a set of text tables with the model coefficients
(en and An) tabulated at 1-m · s−1 step size together with linear
interpolation between wind speed steps. We have examined
the polynomial fitting of the modeling coefficients versus wind
speed and have found that a fifth-order polynomial fit can
provide a very good representation from 0- to 25-m/s wind
speed. However, when applied to the retrievals (Section IV),
the polynomial fit does not provide as accurate results as the
tabular format with linear interpolation.

IV. MODEL FUNCTION TESTING THROUGH

WIND AND SSS RETRIEVAL

The GMFs derived from the Aquarius and SSM/I or NCEP
matchup data sets represent the mean microwave backscat-
ter or emission from the ocean surface within a given wind
speed/direction bin. However, the sea surface roughness can
be influenced by several parameters, such as significant wave
height or boundary layer stability, other than the winds. The
matchup analyses have not provided the uncertainty of the
GMFs in terms of the impact of many other parameters on sea
surface roughness.

The uncertainty of the GMFs for excess surface emissivity
and radar backscatter is assessed by applying them to the
Aquarius data for wind and salinity retrieval. By examining the
accuracy of wind retrievals through comparison with the SSM/I
and NCEP winds, we will close the loop to independently
confirm the accuracy of the GMFs.

A. Overview of CAP Algorithm

The current approach of the Aquarius salinity retrieval algo-
rithm requires the use of ancillary NCEP surface wind direction
to make corrections to ocean brightness temperatures. Any
errors in the NCEP analyses, particularly for high winds or
near a front, as well as temporal mismatch with the Aquarius
sampling, may not allow the directional effects to be accurately
removed. To remove the dependence on the NCEP wind direc-
tion for retrieval, the combined active–passive (CAP) algorithm
was developed to retrieve the salinity and wind without the need
to use the NCEP winds for corrections [33].

The CAP algorithm simultaneously retrieves the salinity and
wind speed and direction by minimizing the sum of squared
differences between model and observations. After testing the
CAP algorithm against the Aquarius data, we find that the
following expression for least square error (LSE) performs
very well:

Fcap(SSS, w, φ)=
(I−Im)2

2ΔT 2
+

(√
Q2+U2−

√
Q2

m+U2
m

)2

2ΔT 2

+
(σVV−σVVm)

2

k2pcσ
2
VV

+
(σHH−σHHm)

2

k2pcσ
2
HH

. (16)

In the aforementioned equation, I , Q, U , σVV, and σHH rep-
resent measurements, while the quantities with the subscript
“m” correspond to the model functions described by (8), (9),
(12), –(15). The difference between data and model is weighted
by the expected uncertainty of measurements. For radiometer
data, the minimum uncertainty is the NEDT (ΔT ). The preci-
sion of radar data is limited by the expected signal detection
error (kpc). For Aquarius, ΔT is about 0.1 K, and kpc is
about 0.01.

The first Stokes parameter (I = TBV + TBH) represents the
total power of the microwave emission and is not changed by
any polarization rotation. The second Stokes parameter (Q)
is influenced by Faraday rotation, just like the third Stokes
parameter (U), but the sum of the squares of Q and U is another
invariant quantity under Faraday rotation

IQU =
√

Q2 + U2. (17)

The invariance of IQU under Faraday rotation can be easily
shown by using (3) and (4).

Because I and IQU are invariant under Faraday rotation or
any other polarization rotations due to instrument misalign-
ment or spacecraft attitude changes, we can use the surface
brightness temperatures TBV and TBH in the Aquarius L2
files for the computation of I and IQU terms in Fcap (16).
Although TBV and TBH in the Aquarius files are influenced
by the inaccurate (or imperfect) assumption of U = 0 for
Faraday rotation correction, I and IQU derived from them
are not. The use of I and IQU, rather than TBV and TBH,
makes the CAP Fcap formulation insensitive to the bright
temperature errors resulting from inaccurate Faraday rotation
corrections.
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Fig. 7. Wind direction retrievals from the CAP algorithm are compared with the NCEP wind direction for the first four weeks of 2012. The results for other time
periods are similar. The left (beam 1), middle (beam 2), and right (beam 3) plots show the bias and SD of the differences from the NCEP wind direction.

For radar σVV and σHH measurements, the impact of Faraday
rotation is fairly small, less than 0.1 dB for a Faraday rotation
angle of 5◦. However, we have applied the Faraday rotation
angle estimated from the IGS-IONEX TEC product to make
corrections. The residual errors are a few times smaller and are
therefore negligible.

For the Aquarius data, we applied the conjugate gradient
technique using a modified Levenberg–Marquardt algorithm
[34] to find the local minima of the LSE. There are, in general,
four local minima (ambiguous solutions). This is due to the
expansion of the model function for wind direction by including
up to the second harmonics of the cosine series. For each given
wind speed solution, there will, in general, be four direction
solutions, except when the relative wind direction is along up-
wind, downwind, or crosswind. This can be easily understood
by considering the special case when the A1 coefficients are
zero in the model functions. If the first harmonic coefficient
A1 is zero, these four solutions, corresponding to the inversion
of cos 2φ, are φ, −φ, φ+ 180◦, and 180◦ − φ. If A1 and e1
are small, then the third and fourth solutions will shift slightly
away from ±φ+ 180◦. Because the cosine series are even
functions, the solution pair ±φ will produce identical values
for model functions and will consequently lead to the same SSS
and wind speed solutions. The same is true for the ±φ+ 180◦

solution pair.
A nominal ambiguity removal technique developed for the

current or past spaceborne wind scatterometer and radiometer
missions is the use of numerical weather analysis, such as
NCEP ECMWF, or special wind features to assist in the selec-
tion [25]. For salinity and wind speed retrievals, the discrimina-
tion of ambiguities is a less challenging issue than that for ocean
wind scatterometers or radiometers because what is needed is
to separate the four solutions into two pairs, namely, ±φ and
±φ+ 180◦, which are separated by about 180◦. As previously
discussed, each pair will have the same SSS and wind speed
values. In our analysis, we use the numerical wind analyses to
select the solution with the wind direction closest to NCEP.

B. Results of Speed and Direction Retrievals

Fig. 6 illustrates the scatter of the retrieved wind speed
with respect to the SSM/I wind speed in the upper row. The
scatter is reasonably tight along the ideal diagonal line for

each antenna beam. The lower panels indicate the mean and
standard deviation (SD) of differences binned as a function of
the SSM/I wind speed. The mean difference (bias) is close to
zero, which means that the retrieval is essentially unbiased with
respect to the SSM/I wind speed. The negative bias at very high
wind speed above 23 m · s−1 is most likely an artifact of the
matchup error analysis; the estimated bias can be expected to
be negative by comparing a noisy wind speed estimate with a
noisy wind reference (SSM/I) according to [35]. It is shown
that the SD of the differences is quite small, reaching as low as
0.5 m · s−1 for very low winds, and remains less than 2 m · s−1

up to 15 m · s−1.
Fig. 7 indicates the differences between retrieved wind direc-

tions and NCEP’s. The mean differences are near zero across
the entire range of wind speed or essentially unbiased. The
SDs, in general, are quite large, greater than 20◦ for less than
8-m · s−1 wind speeds, where the directional signals in radar
σ0 and radiometer TB are small. The SDs have a small dip for
beam 1 near 5 m · s−1, at which A2 has a local minimum with
negative values, but deviate from zero near 3- or 8-m · s−1 wind
speeds. The SDs reduce with increasing wind speed (or A2 and
e2). The SDs for beam 2 and 3 are less than 20◦ above 9-m · s−1

wind speeds, while beam 1’s SDs decrease to below 20◦ at
about 12 m · s−1. The agreement with the NCEP wind direction
justifies the parameterization of directional characteristics in
the GMFs.

C. Triple Collocation Analysis

It is not possible to assess the accuracy of two noisy wind
products by intercomparing them. The methodology of triple
collocation analysis [35], [36] is the only known method to
estimate the random errors and relative calibration factors of
three independent products.

Without loss of generality, we use the SSM/I wind speed as
the reference data set. For the triple collocation analysis, we
assume the following error models for the three wind speed data
sets, namely, SSM/I, NCEP, and Aquarius retrieval:

WSSMI =W + rSSMI

WNCEP =ANCEPW +BNCEP + rNCEP

WAQ =AAQW +BAQ + rAQ.
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TABLE I
RELATIVE SYSTEMATIC ERROR IN THE WIND SPEED

PRODUCTS FOR THE DATA ACQUIRED IN 2011

TABLE II
RANDOM ERRORS IN THE WIND SPEED PRODUCTS

FOR THE DATA ACQUIRED IN 2011

In the aforementioned equations, W is the true wind speed,
A and B are the relative calibration (scale and bias) factors,
and r is the random error. To enable the application of triple
collocation to determine A, B, and r for each, the following
assumptions are made.

1) SSM/I has no bias and no scale offset from true winds.
2) 〈rSSMIrNCEP〉 = 〈rSSMIrAQ〉=〈rNCEPrAQ〉=0 (all er-

rors uncorrelated).
3) 〈rSSMIW 〉=〈rNCEPW 〉=〈rAQW 〉=0 (errors not cor-

related with true winds).

The results of the triple collocation analysis applied to the
data collected in 2011 are summarized in Tables I and II. The
relative calibration factor (A) for NCEP and AQ-CAP is very
close to unity, within 2% and 5%, respectively. The relative
scaling between NCEP and AQ-CAP will be about 2%. The
calibration bias is also quite small, about 0.2–0.3 m · s−1 for
NCEP and between 0.3 and 0.4 m · s−1 for Aquarius. Based on
the same argument made in [35], it is likely that the systematic
errors, relative calibration scaling and bias, are caused by the
binning of two noisy data sets for the development of GMFs:
Aquarius microwave data and SSM/I wind speed. The errors
in the SSM/I wind speed and NCEP wind direction will cause
the Aquarius microwave data to fall into the wrong bin, thus
leading the GMFs to have a smoother response to the wind
speed, which will cause the retrievals to have a scaling and bias
error. However, the systematic errors, which can be tuned out
by applying scaling adjustments to the GMFs, have very small
influence on the estimate of random errors.

The AQ-CAP wind speed errors (rAQ) in Table II are very
small, about 0.75 m · s−1, better than the NCEP random error
by about 30%–40%. The random errors for AQ-CAP and SSM/I
are very close to each other, essentially within the uncertainty
of the triple collocation analysis. We have also performed
triple collocation analysis by using the NCEP as the reference
(without bias and with slope equal to unity), and the resulting
random errors are essentially unchanged.

From the random errors in wind speed, we can estimate the
resulting random errors for brightness temperature corrections.
For vertical polarization, the excess surface emissivity (ev0)
changes by about 0.006 from 0 to 10 m · s−1 (top row of Fig. 5).

The sensitivity of vertically polarized brightness temperatures
to wind speed (dTBV/dW ) will be about 0.18 K/m · s−1 in
wind speed. Considering the random error indicated in Table II,
we can estimate the parameterization error of the vertically po-
larized brightness temperature GMF by multiplying the random
wind speed error (about 0.75 m · s−1) by the TB sensitivity to
wind (dTBV/dW ). The resulting estimates are 0.14 K, close to
the desired accuracy for Aquarius.

The estimated residual TB correction errors are consistent
with the accuracy of salinity retrievals (Fig. 8). The SDs of
the differences between AQ-CAP and HYCOM SSS are about
0.5 psu for wind speeds from 0 to 10 m · s−1 for all antenna
beams. Because the global average change of TBV for an SSS
change of 1 psu is about 0.5 K, the corresponding TBV residual
error for 0.5 psu will be about 0.25 K. Note that Aquarius SSS
errors include the effects of many error sources, in addition to
surface roughness. The 0.25 K estimate should be an upper
bound for the modeling error in the GMF, and it is consistent
with the 0.14 K estimate obtained from wind speed error
analyses.

V. SUMMARY

We have derived the L-band radar and radiometer model
functions for ocean surface winds from Aquarius data. The
GMFs show appreciable wind direction dependence at greater
than 10 m · s−1 for all radar and radiometer polarizations.
The agreement with the PALSAR HH model function and
previous airborne data sets is excellent, and we have observed
similar wind direction dependence in the VV polarization.
The directional modulation in the radiometer TB is highly
significant for Aquarius’ salinity retrieval and may result in a
few practical salinity unit salinity retrieval error at high winds
(> 10 m · s−1).

We have found that the second harmonic coefficients (or
the UC asymmetry) have a phase transition at about 3- and
8-m · s−1 wind speeds for all Aquarius antenna beams, operat-
ing in the range of 29◦−46◦ incidence angles. The responsible
NUC scattering mechanism is unknown at this time. The nomi-
nal Bragg scattering mechanism in the two-scale models has not
yet been able to produce the observed signatures. The Aquarius
data set indicates the existence of some ocean surface features,
which have not yet been investigated for microwave scattering
modeling at L-band.

We have provided experimental evidence in the Aquarius
data that there are wind direction signals, in the form of sine
function of wind direction, in the third Stokes parameter of
ocean emissions. The amplitude is small, only about 1–2 K peak
to peak at about 15–20-m · s−1 wind speeds. The magnitude
does not have very much impact on the assumption of U = 0
for Faraday rotation correction of the Aquarius radiometer data
but should still be considered to remove any systematic bias.

We have confirmed the validity of the GMFs by applying
them to the Aquarius retrieval using the CAP algorithm for
simultaneous wind and salinity retrieval. The retrieved wind
speed has very good agreement with the SSM/I and NCEP wind
products. The directional accuracy also appears to be very good
above 10-m · s−1 wind speeds. The triple collocation analysis
suggests that the Aquarius CAP wind speed is highly accurate,
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Fig. 8. SSS retrievals from the CAP algorithm are compared with the HYCOM salinity for the first four weeks of 2012. The left (beam 1), middle (beam 2), and
right (beam 3) plots show the bias and SD of the differences from the HYCOM SSS. The black solid and dashed curves are for the CAP algorithm, while the red
curves are for the Aquarius V1.3 retrievals.

about 0.75 m · s−1 in random errors, comparable to SSM/I’s.
The equivalent GMF modeling error is about 0.14 K for vertical
polarization, close to the desired accuracy for Aquarius.

Note that it is important to recognize that we have neglected
to consider the influence of several potential contributors to the
modeling of microwave brightness temperatures and backscat-
ter. For example, the ocean wave height and wave slope are
known experimentally or theoretically to impact the ocean
surface scattering and emission [9], [37]. In the future, impact
analyses of these parameters will be considered to reduce the
modeling error of surface roughness in the GMFs.
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